Abstract. Stratigraphic study of a distributed population of 118 giant radiating dike swarms on Venus reveals that within each dike-intruded region, emplacement of the swarms occurred prior to formation of most impact craters and rifts but subsequent to that of tessera, regional plains, and most wrinkle ridges. The density of impact craters superimposed on the swarm population (1.80+0.57 craters/106 km2), when compared with the average global density (2.01+0.14 craters/106 km 2) and the densities reported for other geologic units, is consistent with the observed stratigraphy. On the basis of these data, we conclude that the population of giant radiating swarms formed during or slightly after the waning phases of an interval of widespread volcanic resurfacing. The stresses recorded by the dike swarm population, when combined with its age and compared with the predictions of several proposed resurfacing models, best support the hypothesis that the current surface formed as a result of the catastrophic foundering of a shallow depleted mantle layer. Formation of the dike swarms through shallow magma stalling is closely linked to and sensitively dependent upon the modern configurations of both long-wavelength gravity and topography. In addition, the surface stresses recorded by the dike swarm population are similarly correlated at a global level with these same long-wavelength characteristics. We interpret the old age of the dike swarm population to mean that there has been minimal alteration of either the longwavelength topographic expression across most of the planet or the interior processes responsible for such changes since the cratering record was reset at least several hundred million years ago.
Introduction
low reservoir formation [Grosfils and Head, 1995] . Careful scrutiny of their behavior may therefore provide further insight Examination of the global impact crater population on Venus into the geologic conditions which existed in the aftermath of the using Magellan radar data reveals that the spatial configuration of inferred global resurfacing event. craters cannot be distinguished from a random distribution Here we extend our previous investigations of the giant radiIPhillips et al., 1992; Schaber et al., 1992; Strom et al., 1994] . ating dike swarm population on Venus by analyzing both stratiSurprisingly, in spite of pervasive evidence that distributed vol-graphic relationships and crater density to determine when the canism and tectonism [Solomon et al., 1992] Banerdt [1986] on the basis of existing long-wavelength topography and gravity signatures, assuming either isostatic compensation of a thick lithosphere or coupling between mantle flow and the lithosphere.
Figure lb. Maximum horizontal compressive stress (MHCS) directions recorded by giant radiating dike swarms (MHCS is along long axis of hourglass) and generalized wrinkle ridge trends (MHCS is perpendicular to lines bisecting diamonds). Line segments indicate MHCS directions predicted by
based upon an altitude-dependent model of magma neutral buoyancy across at least 90% of the planet, and (2) the relationship between intrusive and extrusive reservoir-derived volcanism is both finely tuned and sensitive to the modern distribution of topography [Grosfils and Head, 1995] . Estimating when conditions began to favor magma stalling within the substrate and dike swarm formation may therefore provide important information about the volcanic and topographic evolution of the Venusian surface.
The second piece of information recorded by the giant radiating dike swarms places constraints upon the surface stress configuration. Tectonic analysis of the global dike swarm population, in agreement with wrinkle ridge orientations and other data [Solomon et al., 1992; Bilotti et al., 1993b] , suggests that the surface of the planet was or is characterized by deformation indicative of stress fields which extend across thousands of kilometers [Grosfils and Head, 1994] . Two basic types of stress field behavior are observed (Figure lb) . For a large portion of the surface of Venus, from approximately 330 ø to 210øE longitude, the maximum horizontal compression directions inferred from the dike swarm geometries are oriented approximately perpendicular to the existing long-wavelength topography, which is dominated by the Aphrodite Terra equatorial highlands. These highlands are characterized by intense tectonic deformation and contain a significant amount of tessera. Across the remainder of the planet, an area characterized by abundant volcanism and rifting, the inferred maximum horizontal compressive stresses are far less dependent upon the long-wavelength topography. Instead, they align parallel to a triangular system of rifts which connect the Beta, Atla, and Themis highlands [Grosfils and Head, 1994] and exhibit only limited extension [Solomon et al., 1992] . Comparison of the global stress configuration with models of its origin demonstrates that the stresses are inconsistent with Earth-like plate tectonics, and are instead more likely to have been produced by isostatic compensation of long-wavelength topography and/or convective coupling between mantle flow and the overlying lithosphere [Grosfils and Head, 1994] . Constraining the age of these stress fields is of critical importance for ongoing efforts to understand the geologic history of Venus. Are the dike swarms recording a modern stress configuration or one which is relatively old and thus better capable of providing insight into the origin of the existing surface?
Observations
In order to constrain the timing of dike swarm emplacement, we first compared the stratigraphic placement of all 118 swarms relative to five other geologic units. The units chosen (impact craters, tessera, regional plains, wrinkle ridges, and rifts) were selected because of their broad distribution and the information they record about the geologic evolution of the planet. We then complemented this direct stratigraphic approach by determining the density of impact craters superimposed upon the dike swarms. This technique has been used to study other features [e.g., Namiki and Solomon, 1994; Price and Suppe, 1994] and permits evaluation of the mean age of the dike swarm population as a whole. Figure 2 shows an example of a typical giant radiating dike swarm. The lineament system observed, which is 200 km in radius, converges upon a central focus defined by a small, heavily fractured, caldera-like depression located at the apex of a gently sloped dome which is approximately 150 km in diameter ( Figure  2c ). The lineaments were produced by tensile deformation associated with emplacement of a subsurface dike system [e.g., Mastin and Pollard, 1988] , and their length relative to the radius of the central dome suggests that the dikes were probably emplaced laterally from a central magma reservoir The stratigraphic sequence illustrated in Figure 2 is fairly representative of that observed for the dike swarm population as a whole, and is consistent with the sequence preserved in other regions [e.g., Basilevsky and Head, 1995; McGill, 1994] . Of the 118 swarms we have identified, 46% can be dated relative to nearby tessera (Figures 3a and 3b) , while 93% of the swarms interact with regional plains deposits (Figures 3a and 3c) . Where dating relative to tessera and regional plains is possible, radiating dike swarms are the younger feature in all instances. In addition, the stratigraphic position of 46% of the dike swarm population can be determined relative to one or more impact craters (Figures   3a and 3d) As a population, it appears clear on the basis of available stratigraphic information that giant radiating dike swarm emplacement on Venus occurred after tessera formation, regional flooding, and most wrinkle ridge deformation but prior to most impact cratering and rifting. This does not, however, place constraints upon the length of the interval over which this stratigraphic sequence was accumulated. To complement the stratigraphic data and better define this interval, we evaluated the density of impact craters superimposed directly upon the dike swarm In order to be counted toward the surface density, craters had to meet three criteria. First, only those craters which fell at least partially within the defined areas were considered. Second, the crater or its ejecta had to interact directly with either the radiating dike swarm lineaments or their associated flows. Finally, on the basis of this interaction, the crater had to be the younger feature.
Any crater which fell within the defined swarm areas, yet failed to interact directly with the swarm (i.e., interacted solely with the older plains unit upon which radiating, dike-induced lineaments were superimposed), could potentially predate the swarm, and was thus discarded. These criteria provide a conservative accounting of the number of younger impact craters superimposed 1.5 C upon the dike swarm population. As with the calculation of area, this means that the actual crater density, and thus the relative age of the dike swarm population, will be underestimated. By combining these area and crater count estimates, we therefore evaluate a reasonable minimum average crater density (and a minimum relative age) for the dike swarm population as a whole. were drawn, are provided in Table 1 and keyed to the letters down the right-hand side. 
modern, suggesting that further analysis may provide insight into the formation and early history of the observed venusian surface.
In the following discussion, we initially utilize both the age of the dike swarm population and the stress data it records to assess several models which have been proposed to explain the resurfacing observations for Venus. In the subsequent section, we then address whether combining the age of emplacement, stress field, and hypsometric characteristics of the giant radiating dike swarm population can constrain both the evolution of the Venusian surface and the behavior of the shallow mantle since the waning phases of the resurfacing interval.
Stress Field Implications for Resurfacing
Overall, three kinds of models have been proposed to explain the resurfacing observations. In a general sense, these can be characterized as (1) In the first type of model, crater removal and plains emplacement are the result of equilibrium volcanic resurfacing . In order to match the observed record of crater modification, equilibrium resurfacing must occur in small patches which are of the order of 400 km across. The predictions of this model can be tested by our data, which indicate that a similar sequence of stratigraphic events has occurred in most areas where dike swarms have formed. As pointed out by other authors [Basilevsky and Head, 1995a ], these observations lead to the hterpretation that either there was a global series of events which affected the regions studied, inconsistent with the equilibrium resurfacing model, or that a consistent sequence of events occurred at different times in different areas. Since the average dike swarm diameter is 650 km [ Grosfils and Head, 1994] it is fairly probable that one or more temporally distinct patches will interact stratigraphically with any given swarm. This should produce "edge effects" where pinches of different ages abut, resulting in stratigraphic sequences which vary from one dike swarm intruded region to another. As edge effects are neither observed in our data nor in those from more detailed stratigraphic studies of other large areas [Basilevsky and Head, 1995 and submitted manuscript, 1995], we conclude that equilibrium resurfacing is unlikely to have occurred.
In the second type of resurfacing model ("decay"), gradual cooling of the planet eventually leads to an irreversible change in the nature of the associated volcanic and tectonic processes [Arkani-Hamed et al., 1993; Solomon, 1993; Herrick, 1994] . The model proposed by Solomon [1993] suggests that highly deformed material such as tessera formed when high heat flow facilitated greater rates of strain due to strong coupling between a weak lower crust and rapidly convecting mantle; this is conceptually similar in effect to the model of Arkani-Hamed et al. [1993] , although the latter invokes higher rates of crustal recycling. A consequence of such strain evolution mechanisms, however, is that subsequent volcanic flooding in an era of low heat flow is very unlikely to occur as a global event [Solomon, 1993] . This implies that the observed plains deposits are either the result of equilibrium resurfacing, inconsistent with available stratigraphic constraints, or a product of broader regional volcanic flooding, an alternative less rigorously constrained by the stratigraphic dike swarm data. In a different type of "decay" model, Herrick [1994] proposes that as a result of declining heat flow, Venus changed from a multiplate to a one-plate planet, with increased basal heating during this transition producing rapid flooding followed by distributed, less voluminous volcanism as the lithosphere thickened and the planet continued to cool. According to this model, tessera is produced by lateral motion during the plate tectonic regime. Given the similar crater densities preserved in the tessera and plains [ [Grosfils and Head, 1994] . For this model to be correct, therefore, high strain plate tectonics must have transformed rapidly (during an interval of the order of one-tenth the mean age of the surface) into a low strain regime characterized by near-global flooding and a shallow stress field of fundamentally different origin than that which would have been generated during the preceding period. The resurfacing model is thus further constrained but not directly contradicted by the dike swarm data, suggesting that refined definition of the transition mechanism will aid additional observational testing through comparison with the available geologic record.
In the third type of global resurfacing model ("catastrophic"), the thermal and chemical evolution of the planet results in cyclic behavior characterized by approximately steady state cooling which is periodically punctuated by some form of catastrophic heat loss event [Parmentier and Hess, 1992; Turcotte, 1993] . Turcotte [1993] proposes that production of a thick, conductively cooling lithosphere above a stable mantle insulates it, preventing significant heat loss. As heat builds up in the mantle, convective vigor is renewed and instabilities develop which initiate lithospheric foundering and rapid initiation of plate tectonics and significant advective heat flow. Once sufficient heat is lost, convection slows, crustal recycling terminates, and conductive cooling and lithospheric thickening resume. This model does not make specific predictions about the geologic consequences of this transition, and it is thus difficult to compare with available surface observations. Our data, however, place the same constraints upon the model as they do upon that of Herrick [1994] , namely, the transition from a regime dominated by plate tectonic stresses to one in which these stresses are not evident must occur rapidly, and at the same time must explain the intermediate, near-global volcanic flooding of the Venusian surface.
In an alternate catastrophic model, Parmentier and Hess [1992] propose that gradual crustal production through partial melting results in a complementary shallow mantle residuum whose stability relative to the underlying undepleted mantle, is governed by the balance between compositional and thermal buoyancy forces within the evolving layer. As cooling progresses and a thick crust develops, the thermal evolution within the associated depleted mantle layer eventually produces a state of buoyant instability, initiating depleted mantle overturn driven by negative diapirism and extensive pressure-release melting of upwelling fertile mantle material. It is not clear from the model, however, at what scale(s) this exchange of material will occur; we compare two possible end-members with available geologic constraints.
As one extreme of the overturn model, the depleted mantle layer could sink into the underlying mantle material via a distributed system of small negative aliapits or interconnected sheets, inducing a similarly dispersed system of localized return flow. Melting of the ascending material and associated resurfacing through magma eruption in this scenario is likely to generate a random, patchwork system of volcanic deposits. This situation is poorly supported by observations, however, as it is unlikely to produce laterally extensive stress fields and is inconsistent with the results from several detailed stratigraphic analyses [Basilevsky and Head, 1995 emplacement [Grosfils and Head, 1994, 1995] . In conjunction with the age data, these results can be used to assess the nature of the resurfacing event that effectively ended just prior to emplacement of the dike swarms; however, the dike swarm characteristics also have important implications for the evolution of the Venusian surface and interior subsequent to the primary resurfacing period. The regional stress orientations recorded by both radiating dike swarms [Grosfils and Head, 1994 ] and wrinkle ridges [Bilotti et al., 1993b ] agree with those predicted on the basis of the observed gravity and long-wavelength topography [Banerdt, 1986] throughout the plains surrounding the Aphrodite Terra highlands. This agreement has been used in the past to infer that the deformation and stress field across this broad area are of modern origin [Bilotti et al., 1993a] . Given the age of the dike swarm population, the observation that wrinkle ridges and dike swarms appear to reflect the same stress field across much of the planet, and the stratigraphic constraints from this study and others [Basilevsky and Head, 1995a ] which indicate that the wrinkle ridge population is old, it now appears clear that this inference is less likely to be correct. Instead, the agreement between old surface deformation patterns and the stresses derived from modern gravity and topography suggests that the relationship between gravity and topography across this area has been moderately stable throughout the interval since cessation of global resurfacing. When the paucity of distributed volcanic and tectonic activity within the Aphrodite Terra highlands [Ivanov and Basilevsky, 1993 ] is also taken into account, this means that the catastrophic mantle processes responsible for construction of the highland had, by the end of global resurfacing, evolved into relatively quiescent convective patterns akin to those presently observed. We note that this interpretation is not highly sensitive to the age of the wrinkle ridge population; even if the population were young rather than old, the stress field would have to have remained essentially unmodified between the time of swarm emplacement and that of wrinkle ridge formation since both units record the same stress field geometry.
In the Beta-Atla-Themis region, radiating dike swarms predate but record the same stresses as young regional rift systems. As in the areas surrounding Aphrodite Terra, this implies that the stress field orientations remained constant during a significant geologic interval, perhaps (on the basis of crater density data) for as long as several hundred million years. In contrast to the case for Aphrodite Terra, however, these stresses do not appear to reflect those predicted by Banerdt [1986] on the basis of the existing gravity and long-wavelength topography. This implies either that the stress field in this area was related to shorter-wavelength processes, as inferred for example in Eistla Regio [Grimm and Phillipx, 1992] , or that the long-wavelength structure across the area has changed over time. In either instance, this is generally consistent with evidence [Crumpier et al., 1993] 
